Introduction
Nonalcoholic fatty liver disease (NAFLD) is considered the hepatic manifestation of metabolic syndrome. Currently, NAFLD is the most prevalent liver disease in the world, with an estimated 1 billion patients worldwide and prevalence of 25%-45% in western and some other countries (1, 2). Recently, the prevalence of NAFLD in children has also increased to 3%-10% (3) . The increase in NAFLD coincides with that in obesity and obesityrelated diseases, both of which are considered risk factors for the onset and progression of NAFLD (2, 4) . The pathology of NAFLD ranges from simple steatosis to steatohepatitis. While nonalcoholic fatty liver (NAFL), mainly comprising simple steatosis, has a favorable prognosis, nonalcoholic steatohepatitis (NASH) progressively develops into NASH-related advanced fibrosis or cirrhosis and triggers complications such as hepatocellular carcinoma (1). Therefore, it is important to elucidate the pathological mechanism by which NAFL develops into NASH. Although 2-hit (5) and multiple parallel-hit (6) hypotheses have been proposed, the exact underlying mechanism remains poorly understood. A recent large-scale longitudinal clinical study determined that among hepatic histopathological findings in NAFLD patients, only the liver fibrosis stage was independently associated with long-term overall mortality, liver transplantation, and liver-related events (7) . Therefore, elucidating the pathological mechanism of fibrosis progression in NAFLD and establishing a therapy targeting this mechanism are needed.
Activated hepatic stellate cells (HSCs) are a key source of extracellular matrix (ECM) in the pathology of liver fibrosis (8) , thus playing a main role in disease progression. Meanwhile, the (canonical) WNT/β-catenin-signaling pathway plays an important role in cell growth and differentiation regulation from early development into adulthood (9) . In the canonical WNT pathway, WNT binds to a frizzled (FZD) family receptor and low-density lipoprotein receptor-related protein 5/6 (LRP 5/6) to relay signals (9) . The canonical WNT pathway inhibits adipogenesis (10) and is believed to be involved in the pathological mechanism that links obesity and obesity-associated metabolic complications (11) . In addition, the canonical WNT pathway has been recently reported to promote HSC activation by inhibiting adipogenic gene expression (12) . Similarly, in the pathology of NAFLD progression, it is assumed that factors in obesity and metabolic syndrome, acting as background factors, modify the pathological mechanism of HSC activation via the canonical WNT pathway.
Aortic carboxypeptidase-like protein (ACLP) is a glycosylated protein secreted into the ECM by smooth muscle cells and lung fibroblasts (13) . Whether or not ACLP is produced in the liver tissues in hepatic diseases is unknown, as are the function of ACLP and its role in hepatic diseases. In addition, although ACLP harbors an N-terminal signal peptide, a discoidin-like domain, and an inactive carboxypeptidase domain and belongs to the metallocarIncidence of nonalcoholic steatohepatitis (NASH), which is considered a hepatic manifestation of metabolic syndrome, has been increasing worldwide with the rise in obesity; however, its pathological mechanism is poorly understood. Here, we demonstrate that the hepatic expression of aortic carboxypeptidase-like protein (ACLP), a glycosylated, secreted protein, increases in NASH in humans and mice. Furthermore, we elucidate that ACLP is a ligand, unrelated to WNT proteins, that activates the canonical WNT pathway and exacerbates NASH pathology. In the liver, ACLP is specifically expressed in hepatic stellate cells (HSCs). As fatty liver disease progresses, ACLP expression is enhanced via activation of STAT3 signaling by obesity-related factors in serum. ACLP specifically binds to frizzled-8 and low-density lipoprotein-related receptor 6 to form a ternary complex that activates canonical WNT signaling. Consequently, ACLP activates HSCs by inhibiting PPARγ signals. HSC-specific ACLP deficiency inhibits fibrosis progression in NASH by inhibiting canonical WNT signaling in HSCs. The present study elucidates the role of canonical WNT pathway activation by ACLP in NASH pathology, indicating that NASH can be treated by targeting ACLP-induced canonical WNT pathway activation in HSCs.
Aortic carboxypeptidase-like protein, a WNT ligand, exacerbates nonalcoholic steatohepatitis Toshifumi Hibi, 1 Soichiro Miura, 2 Tohru Minamino, 5 Yuichi Oike, 6 Ryota Hokari, 2 and Takanori Kanai 1 1 mice ( Figure 2B ). Similarly, expression of the HSC activation marker αSMA was significantly suppressed in Aclp HSC-KO as compared with Aclp fl/fl mice ( Figure 2 , A and B). The murine model of NASH had significantly elevated serum alanine aminotransferase (ALT), cholesterol, and triglyceride (TG) compared with a control group fed a normal diet; however, no significant differences were observed between Aclp HSC-KO and Aclp fl/fl mice ( Figure 2C and Supplemental Figure 9 ). Similarly, the NASH model demonstrated significantly higher TG accumulation in the liver, fasting blood glucose, and insulin levels than the control, while Aclp HSC-KO and Aclp fl/fl mice did not differ from each other in these aspects ( Figure 2 , A and C, and Supplemental Figure 9 ). To assess insulin sensitivity and resistance, we conducted glucose tolerance tests (GTTs), insulin tolerance tests (ITTs), and pyruvate tolerance tests (PTTs). While significant differences were observed between the normal diet control and NASH groups in all tests, no significant differences were observed between Aclp
HSC-KO
and Aclp fl/fl mice (Supplemental Figure 9 ). Immunohistochemical staining for F4/80, a Kupffer cell/ macrophage marker, was used to assess macrophage infiltration into the liver. NASH mice demonstrated significantly higher macrophage infiltration than the controls; however, no significant difference was observed between Aclp HSC-KO and Aclp fl/fl mice (Supplemental Figure 10 ). Hepatic mRNA expression of Adgre1, Tnf, and Cd68 was significantly higher in NASH than in control mice, while no significant differences were found between Aclp
and Aclp fl/fl mice (Supplemental Figure 10) . Together, the results demonstrate that ACLP, which is expressed specifically in HSCs, and more intensely so as NAFLD progresses, is involved in the progression of liver fibrosis in NASH via HSC activation.
ACLP promotes liver fibrosis in NASH by activating the canonical WNT pathway in HSCs. HSC activation has recently been reported to correlate with canonical WNT pathway activation (12, 16) . Therefore, we examined mRNA expression of Axin2, Myc, and Ccnd1, which are downstream targets of this pathway, in HSCs from NASH model mice. In NASH, all tested molecules showed markedly higher expression in HSCs of Aclp fl/fl mice than in those of control mice, while their expression did not change in HSCs of Aclp HSC-KO mice ( Figure 3A ). Western blotting as well as immunofluorescence double-staining of GFAP and β-catenin demonstrated a significant increase in β-catenin accumulation, specifically, in HSCs of Aclp fl/fl mice with NASH, but not in those of Aclp HSC-KO mice ( Figure 3 , A and B, and Supplemental Figure 11 ).
boxypeptidase gene family, it is catalytically inactive and its functions are not well understood (13) . ACLP-null mice experience gastroschisis, which often results in perinatal death (14) ; therefore, it has been impossible to analyze the involvement of ACLP in pathology using ACLP-null mice on a pure genetic background. Thus, conditional ACLP-KO mice should be developed for analysis of ACLP function in pathology.
In the present study, we demonstrated that ACLP is a ligand that binds specifically to FZD8 and LRP6 receptors, forming a ternary complex activating the canonical WNT pathway. In the liver, ACLP localized to the HSCs, and its expression increased with the onset and progression of NAFLD in both humans and mice. Using newly developed HSC-specific ACLP-KO mice and human liver tissue samples, we analyzed the role of ACLP in the pathological mechanism of NAFLD progression. The present study elucidated details of the pathological mechanism of NAFLD progression, in which obesity-related factors, acting as background factors, promote the production of ACLP in HSCs, thereby activating the HSCs through the activation of the canonical WNT pathway. In addition, we present a detailed characterization of ACLP as a ligand of the canonical WNT pathway.
Results

ACLP is expressed specifically in HSCs, and its expression is enhanced as NAFLD progresses.
We found that hepatic ACLP expression significantly increased as NAFLD progressed ( Figure 1A ). Immunofluorescence double-staining of human liver samples for ACLP and the HSC markers (glial fibrillary acidic protein [GFAP] and desmin) revealed that ACLP is expressed specifically in HSCs ( Figure 1A and Supplemental Figures 1 and 2 ; supplemental material available online with this article; https://doi.org/10.1172/ JCI92863DS1). In addition, ACLP expression in the HSCs increased significantly as NAFLD progressed (Figure 1, A and B) .
As these results indicated that ACLP might be involved in the pathology of NAFLD progression, we analyzed the pathological mechanism of NAFLD in detail in mutant mice. First, we generated ACLP-floxed (Aclp fl/fl ) mice (Supplemental Figure 3) . Next, we generated CRE Tg mice in which CRE expression was driven by the GFAP promoter (Gfap-Cre Tg mice). Finally, Gfap-Cre Tg mice were bred with Aclp fl/fl mice to generate HSC-specific ACLP-KO (Aclp
HSC-KO
) mice (Supplemental Figure 3) . CRE expression was specifically observed in the livers of Aclp HSC-KO mice, and this localization was consistent with the expression of GFAP (Supplemental Figure 3 ). Immunofluorescence double-staining of mouse liver samples for ACLP and GFAP or desmin revealed that ACLP is expressed specifically in HSCs ( Figure 1C Figure 12 ). No differences were observed in the degree of liver steatosis or serum ALT among any of the NASH model groups (Supplemental Figure  12) 
Aclp
fl/fl mice with NASH showed significantly more ACLP/β-catenin double-positive cells than the control group, and β-catenin was upregulated specifically in ACLP-positive cells in NASH (Figure 3C and Supplemental Figure 11 ).
Dickkopf protein 1 (DKK-1) is a negative regulator of canonical WNT signaling (17, 18 Figure 13 ). Immunofluorescence doublestaining of ACLP and β-catenin in these specimens demonstrated a significant increase in ACLP/β-catenin double-positive cells as compared with normal livers, and β-catenin was upregulated specifically in ACLP-positive cells in NASH ( Figure 3D and Supplemental Figure 13 ). As for the mRNA expression levels of Wnt1, Wnt3a, Wnt5a, and Wnt10b, which are reported to be correlated with the canonical WNT pathway in liver pathology (12, 16, 20, 21) , murine NAFLD livers and HSCs as well as human NAFLD liver samples demonstrated no changes when compared with their respective controls (Supplemental Figure 14) . The above results indicated that in the progression of NASH, HSC-derived ACLP acts on HSCs themselves, thereby activating the HSCs and advancing liver fibrosis. Moreover, the canonical WNT pathway was indicated as being involved in NASH liver fibrosis progression downstream of ACLP signaling. ACLP enhances canonical WNT signaling in HSCs and promotes HSC activation in an FZD8/LRP6-dependent manner. Next, we analyzed the involvement of ACLP in canonical WNT pathway activation in HSCs in more detail. In canonical WNT pathway activation, WNT binds to FZD family receptors and their coreceptors, LRP5 and LRP6, resulting in intracellular signal transmission (9) . Therefore, we first examined the expression of FZD family receptors in murine HSCs. Murine HSCs primarily expressed FZD8, while expression of FZD1, FZD3, and FZD6 was low. Expression of FZD2, FZD4, FZD5, FZD7, FZD9, and FZD10 could not be detected (Supplemental Figures 15 and 16) . Additionally, although the cells clearly expressed LRP6, LRP5 expression was hardly detectable (Supplemental Figure 15 ). Similarly, human HSCs expressed FZD8 and LRP6, while expression of FZD1, FZD3, FZD6, and LRP5 was very low and FZD2, FZD4, FZD5, FZD7, FZD9, and FZD10 expression could not be detected (Supplemental Figures 15 and 16 ).
We transfected a mouse ACLP overexpression vector into HEK293 cells and purified recombinant ACLP (rACLP) from the supernatant. rACLP purity was confirmed in nanoscale liquid chromatography/tandem mass spectometry (nano-LC-MS/MS) analyses (see Methods). Its band size indicated that rACLP was glycosylated, similar to native ACLP (13), which was confirmed by a deglycosylation-induced band shift (Supplemental Figure 17) . To examine the direct effect of ACLP on HSCs, we administered rACLP to Aclp HSC-KO -derived HSCs. Consequently, phosphorylation of LRP6 and accumulation of β-catenin were enhanced in these cells ( Figure 4A ). In addition, administration of rACLP significantly increased the mRNA levels of Axin2, Myc, and Ccnd1 as well as Col1a1, Col1α2, and Acta2 ( Figure 4A ). Administration of ACLP siRNA inhibited LRP6 phosphorylation and reduced β-catenin accumulation in HSCs derived from Aclp fl/fl mice as compared with administration of control siRNA ( Figure 4B ). In addition, ACLP siRNA administration significantly reduced Axin2, Myc, and Ccnd1 as well as Col1a1, Col1α2, and Acta2 mRNA levels ( Figure  4B ). To determine whether the effects of ACLP on HSCs depend on FZD8/LRP6, we added rACLP following administration of FZD8 siRNA, FZD1 siRNA, FZD3 siRNA, FZD6 siRNA, LRP6 siRNA, or control siRNA to ACLP-deficient HSCs. The rACLPinduced enhancement of LRP6 phosphorylation, β-catenin accumulation, and Axin2, Myc, Ccnd1 Col1a1, Col1α2, and Acta2 mRNA expression was offset by preadministration of FZD8 siRNA and LRP6 siRNA, but not FZD1, FZD3, or FZD6 siRNA ( Figure 4C ). These results demonstrated that ACLP enhances canonical WNT signaling in HSCs and promotes HSC activation in an FZD8/ LRP6-dependent manner.
ACLP is a ligand of the FZD8 and LRP6 receptors. Because our results indicated that ACLP might act as a ligand in activating the canonical WNT pathway, we conducted a TOPflash/FOPflash assay in HEK293 cells. First, we prepared expression vectors har- Figure  6B ). Likewise, we prepared mouse FZD8CRD-His protein, which was mixed with LRP6N-IgG, ACLP-DDK, or both LRP6N-IgG and ACLP-DDK. Immunoprecipitation and Western blotting identified an immune complex of LRP6N-IgG, ACLP-DDK, and FZD8CRD-His ( Figure 6C ). Binding of LRP6N-IgG and FZD-8CRD-His was not observed, demonstrating that these 2 proteins form a ternary complex through ACLP ( Figure 6C) .
Finally, to demonstrate that ACLP is a ligand of FZD8, we carried out a binding assay (23) . The binding curve of ACLP and FZD8 was a concentration-dependent specific binding saturaboring all possible combinations of FZD8 and LRP6, which were transfected into HEK293 cells. Then, we introduced the ACLP expression vector, a WNT3A expression vector, or a control vector, followed by TOPflash/FOPflash assay. When FZD8 or LRP6 was overexpressed solely, TOPflash reporter activity was very low, even when ACLP was subsequently expressed ( Figure 5A ). In contrast, when both FZD8 and LRP6 were expressed, subsequent expression of ACLP resulted in high reporter activity (Figure 5A) . Western blotting revealed that ACLP expression markedly induced β-catenin accumulation only when both FZD8 and LRP6 were expressed in advance, which was consistent with the TOPflash/FOPflash assay results ( Figure 5A ). Consistently, ACLP expression significantly induced Axin2 mRNA expression only under simultaneous expression of FZD8 and LRP6 ( Figure 5A ). Expression of WNT3A, used as a positive-control WNT-activating ligand, generated results identical to those observed for ACLP Tg expression ( Figure 5A ).
In HEK293 cells overexpressing both FZD8 and LRP6, we used the TOPflash/FOPflash assay upon addition of rACLP. The TOPflash reporter activity increased in a rACLP concentrationdependent manner, which was offset by the addition of DKK-1, the soluble WNT inhibitor FZD8CRD, or anti-ACLP antibody ( Figure  5B) . Similarly, intracellular β-catenin accumulation and Axin2 mRNA expression increased markedly in a rACLP concentrationdependent manner, which was abrogated upon addition of DKK-1, FZD8CRD, or anti-ACLP antibody ( Figure 5B ). to ACLP-deficient HSCs increased nuclear β-catenin accumulation and reduced the nuclear PPARγ protein level ( Figure 7A ). When DKK-1 was administered concurrently, nuclear β-catenin accumulation did not increase, and the nuclear PPARγ protein level increased to that of the rACLP nonadministration group ( Figure 7A ). Next, we transfected an expression vector encoding PPARγ promoter-luciferase into ACLP-deficient HSCs and examined changes in PPARγ promoter activity resulting from rACLP addition. The addition of rACLP significantly reduced the PPARγ promoter activity and mRNA levels; however, concurrent administration of DKK-1, FZD8CRD, or anti-ACLP antibody recovered both the PPARγ promoter activity and mRNA expression to the control level ( Figure 7B ). mRNA expression of Col1a1, tion curve ( Figure 6D ). Scatchard plot analysis demonstrated that ACLP binds to FZD8 with a high affinity equal to that of WNT3A (Kd ACLP : 3.51 nM, Kd WNT3A : 1.53 nM; Figure 6D ). Together, these results demonstrated that ACLP is a ligand unrelated to WNT proteins that binds specifically to FZD8 and LRP6, forming a ternary complex that activates WNT signaling. ACLP activates HSCs via reduced PPARγ signaling. Because ACLP/canonical WNT pathway activation triggered HSC activation, we examined this pathological mechanism further. It has been recently reported that activation of canonical WNT signaling represses PPARγ activity in HSCs, thereby promoting their activation (12, 16) . Therefore, we examined PPARγ activity upon the addition of rACLP to HSCs. rACLP administration HSC-KO HSCs treated with rACLP (100 ng/ml) (n = 7/group) or PBS (n = 5/group) for 12 hours in the presence or absence of DKK-1 (20 ng/ml), FZD8CRD (20 μg/ml), and anti-ACLP antibody (10 μg /ml). (C) Quantification of Col1a1, Col1α2, and Acta2 mRNA in Aclp HSC-KO HSCs treated with rACLP (100 ng/ml) (n = 7/group) or PBS (n = 5/group) for 10 hours in the presence or absence of DKK-1 (20 ng/ml), FZD8CRD (20 μg /ml), and anti-ACLP antibody (10 μg /ml). **P < 0.01 vs. ed in HSC activation and significantly increased expression of Col1a1, Col1α2, and Acta2 mRNA. Moreover, in this condition, the addition of ACLP did not yield any changes in the mRNA levels of these molecules ( Figure 7D ).
Col1α2
, and Acta2 was significantly increased by the addition of rACLP, while concurrent administration of DKK-1, FZD8CRD, or anti-ACLP antibody reversed it to the control level ( Figure 7C ). Administration of PPARγ siRNA to ACLP-deficient HSCs result- sion in both humans and mice, we examined the mechanism of ACLP expression. In the murine model of NAFLD, we found that an HFC diet increased serum free fatty acid (FFA), leptin, and IL-6 levels over time, while Aclp HSC-KO and Aclp fl/fl mice did not differ from each other in these aspects ( Figure 8A ). Administration of intralipid, leptin, or IL-6 to WT mice significantly increased the hepatic Aclp mRNA levels, specifically in HSCs ( Figures 8B and Supplemental Figure 18 ). Palmitate, leptin, and IL-6, which are known to activate intracellular STAT3 signaling (24) (25) (26) , increased ACLP expression additively and enhanced the phosphorylated STAT3 (p-STAT3) level in primary cultured murine HSCs ( Figure 8C and Supplemental Figure 19 ). Concurrent administration of STAT3 inhibitor reduced Aclp mRNA to the level observed in the control group (Supplemental Figure 19) . In vivo administration of intralipid, leptin, or IL-6 to WT mice also resulted in significantly elevated p-STAT3 levels in HSCs (Supplemental Figure 18 ). Immunofluorescence double-staining for Next, we transfected a PPARγ promoter-luciferase vector into Aclp fl/fl HSCs to examine changes in PPARγ promoter activity induced by the addition of ACLP siRNA. While the administration of ACLP siRNA inhibited endogenous ACLP production, it significantly enhanced PPARγ promoter activity and the Pparg1 mRNA level ( Figure 7E ). ACLP silencing inhibited HSC activation and significantly reduced mRNA expression of Col1a1, Col1α2, and Acta2 ( Figure 7F ). Administration of PPARγ siRNA to Aclp fl/fl HSCs activated the HSCs and significantly increased Col1a1, Col1α2, and Acta2 mRNA, while the addition of ACLP siRNA to these cells had no effect ( Figure 7F ). These results demonstrated that ACLP activates the canonical WNT pathway in HSCs, thus reducing PPARγ signaling by reducing PPARγ promoter activity, consequently activating HSCs.
In NAFLD, obesity-related factors in serum enhance ACLP expression in HSCs through the activation of STAT3 signaling. As hepatic expression of ACLP increased with NAFLD progres- Without WNT stimulation, β-catenin in the cytoplasm binds to a "destruction complex" composed of AXIN, adenomatous polyposis coli, and glycogen synthase kinase-3 and is phosphorylated, leading to its ubiquitination and degradation by proteasomes (9, 29) . In the canonical WNT pathway, WNT forms a complex with the cell-surface FZD receptor and the LRP5/6 receptor, a single-pass transmembrane molecule. FZD proteins are 7-transmembrane receptors that possess extracellular N-terminal CRDs to which WNT binds. Complex formation of WNT and its receptors induces the association of AXIN with p-LRP, destruction of the complex, and stabilization of β-catenin, which then accumulates in the cytoplasm. Subsequently, β-catenin translocates to the nucleus where it interacts with the transcription factor T cell factor (TCF)/lymphoid enhancer factor (LEF) to promote AXIN2, cMYC, and cyclin D1 transcription (9, 29) . The secreted protein Norrin, a non-WNT-family WNT ligand, activates the canonical WNT pathway by binding to FZD4CRD (30) . Another mechanism of canonical WNT signaling activation involves the cleavage of LRP6 by complement C1q (31) .
We demonstrated that in humans and mice, ACLP expression in HSCs markedly increased in NASH, concomitant with the activation of canonical WNT signaling. Moreover, enhancement of canonical WNT signaling in the NASH liver occurred almost exclusively in HSCs. In HSC-specific ACLP-KO mice, canonical WNT signaling in HSCs in NASH was inhibited to the level observed in control mice fed a normal diet. DKK-1 inhibits canonical WNT signaling either by binding to LRP6 receptors or by inhibiting the binding of WNT to LRP6, removing LRP6 from the lipid raft, internalizing it in a clathrin-dependent manner, and removing it from the cell membrane (17, 18) . Therefore, we prepared Aclp
HSC-KO
Dkk-1
Tg mice, allowing in vivo examination of ACLP function related to canonical WNT signaling. In DKK-1 Tg NASH model mice, canonical WNT signaling was inhibited to the control level and was not affected by ACLP expression in HSCs, indicating that ACLP is involved in the canonical WNT pathway in HSCs. These results also suggested that in NASH, ACLP plays an important role in canonical WNT pathway activation in HSCs.
Furthermore, our in vitro and in vivo examinations demonstrated that ACLP, similar to classical ligands of the canonical WNT pathway, binds specifically to FZD8CRD and the extracellular domain of LRP6 to form a ternary complex, triggering β-catenin-dependent gene activation through LRP6 phosphorylation. In addition, the binding affinity of ACLP for FZD8 was as high as that of WNT3A.
WNT proteins are extremely hydrophobic and adhere strongly to the cell membrane and ECM, where they act on the secreting cell itself or on its surroundings (28, 29) . ACLP is known as an ECM protein; in NASH, ACLP produced specifically in the HSCs activated canonical WNT signaling in the HSCs themselves.
The canonical WNT pathway inhibits preadipocyte differentiation into adipocytes by inhibiting PPARγ activity (32). Myoblasts, which, like preadipocytes, are mesodermal cells, have been demonstrated to differentiate into adipocytes as a result of canonical WNT pathway inhibition (32) . Recent lineage-tracing studies in mice have shown that HSCs differentiate from mesodermal cells within the septum transversum (33) . Quiescent HSCs store lipid droplets, whereas transdifferentiated (activated) HSCs deplete lipid droplets and reduce the expression of PPARγ ACLP and p-STAT3 revealed that the number of ACLP/p-STAT3 double-positive cells increased significantly with the administration of intralipid, leptin, or IL-6 (Supplemental Figure 18) .
Furthermore, p-STAT3 increased in HSCs of the murine NAFLD model over time ( Figure 8D and Supplemental Figure  20) , and the number of ACLP/p-STAT3 double-positive cells increased significantly as NAFLD progressed ( Figure 8E and Supplemental Figure 21) . Plotting of the numbers of p-STAT3/GFAP double-positive and ACLP-positive cells in a set area of NAFLD liver revealed a significant correlation between the numbers of these 2 cell types ( Figure 8F) .
Next, we conducted a similar examination of human NAFLD liver specimens. NAFLD patients demonstrated elevated serum concentrations of FFA, leptin, and IL-6 as NAFLD progressed (Figure 9A) . When palmitate, leptin, or IL-6 was added to primary cultured HSCs isolated from normal human livers, as in mice, p-STAT3 increased significantly (Supplemental Figure 22) . While ACLP mRNA expression in the HSCs increased significantly following the addition of palmitate, leptin, or IL-6, upon concurrent administration of STAT3 inhibitor, ACLP mRNA remained at the level of the control (Supplemental Figure 22) . Consistently, p-STAT3 levels in HSCs in NAFLD liver sections and the number of ACLP/p-STAT3 double-positive cells significantly increased as NAFLD progressed ( Figure 9 , B and C, and Supplemental Figure 23 ). Furthermore, we found a significant correlation between the numbers of p-STAT3/ GFAP double-positive cells and ACLP-positive cells ( Figure 9D ).
Based on these findings, we propose the following mechanism for pathogenesis of NAFLD: serum concentrations of obesityrelated factors, such as FFA, leptin, and IL-6 are elevated, and these obesity-related factors act on HSCs and activate STAT3 signaling, thereby increasing ACLP expression. We also found that ACLP preceded the upregulation of fibrogenic genes during HSC activation in NAFLD (Figure 1, Figure 2 , A and B, and Supplemental Figure 24) .
Vitamin A-coupled liposomes have been reported to be internalized specifically by activated HSCs (27) . Finally, considering clinical application, we examined whether inhibition of ACLP in activated HSCs, by administering vitamin A-coupled liposomes bearing ACLP siRNA (VA-lip-siRNA-ACLP), could reverse liver fibrosis in the mouse NASH model with established fibrosis. WT mice fed an HFC diet for 24 weeks were administered VA-lipsiRNA-ACLP or VA-lip-siRNA-control (Supplemental Figure 25) . Activated HSCs reverted to more quiescent HSCs after taking up VA-lip-siRNA-ACLP, and as a result of this increase, liver fibrosis in NASH was improved (Supplemental Figure 25) . In contrast, no significant differences in the severity of liver fibrosis were observed between Aclp HSC-KO and Aclp fl/fl mice in other liver fibrosis models, such as the carbon tetrachloride (CCl 4 ) model and the bile duct ligation (BDL) model (Supplemental Figures 26 and 27 ), suggesting more predominant roles of other WNT ligands, such as WNT1, WNT3, and WNT10b, in these fibrotic conditions.
Discussion
In the present study, we demonstrated that ACLP, a protein secreted specifically by HSCs in the liver, is a ligand that activates the canonical WNT pathway via specific binding to FZD8 and LRP6. Both WNT and ACLP are secreted glycoproteins with affinity for ECM (14, 28 
Methods
Please refer to the Supplemental Methods section for more detailed descriptions. Antibodies, expression vectors, and reagents. Anti-ACLP and antip-STAT3 (Tyr705) antibodies were purchased from Santa Cruz Biotechnology Inc. Anti-β-actin, anti-LRP6, anti-LRP5, and anti-p-LRP6 (Ser1490) antibodies were purchased from Cell Signaling Technology (Danvers). Anti-αSMA, anti-desmin, anti-β-catenin, anti-lamin A/C, anti-FZD3, anti-FZD5, anti-FZD6, anti-FZD7, anti-FZD8, anti-FZD10, anti-IgG, anti-p-STAT3 (Tyr705) (EP2147Y), and anti-PPARγ antibodies were purchased from Abcam. Anti-GFAP antibodies were purchased from DAKO and Abcam. Anti-FZD1 antibody was purchased from R&D Systems. Anti-FZD4 antibody was purchased from Thermo Fisher Scientific. Anti-CRE recombinase antibody was purchased from Merck Millipore. Anti-F4/80 antibody was purchased from AbD Serotec. Anti-FLAG M2 monoclonal antibody (anti-DDK; F1804) and anti-FZD2 antibody were purchased from Sigma-Aldrich. Anti-rabbit IgG HRP-linked antibody was purchased from GE Healthcare. AntiHis tag antibody was purchased from Medical & Biological Laboratories. See Supplemental Table 1 for information about the antibodies.
Mouse ACLP-DDK expression vector was purchased from OriGene Technologies. TOPflash and FOPflash luciferase reporters and expression vectors for human LRP6, human LRP6N-IgG, mouse FZD8, mouse FZD8CRD-IgG, and mouse WNT3A were purchased from Addgene. In order to prepare a mouse FZD8CRD-His expression vector, the KOD-Plus-Mutagenesis Kit (Toyobo Life Science) was used to introduce a 6xHis tag and a stop codon immediately after the FZD-8CRD sequence in the mouse FZD8CRD expression vector. Human IgG expression vector was purchased from Sigma-Aldrich.
Recombinant mouse DKK-1, mouse leptin, mouse IL-6, and human FZD8/Fc were purchased from R&D Systems. Recombinant human FZD1 was purchased from Thermo Fisher Scientific. Recombinant human FZD2, human FZD4, human FZD5, human FZD6, human FZD7, and human FZD10 protein were purchased from Abnova. Recombinant human FZD3 protein was purchased from Abcam. Recombinant human FZD8 protein was purchased from R&D Systems.
Intralipid and palmitate were purchased from Sigma-Aldrich. Stattic was purchased from Merck Millipore. ACLP siRNA, PPARγ siRNA, LRP6 siRNA, FZD3 siRNA, FZD6 siRNA, FZD8 siRNA, and control siRNA were purchased from Thermo Fisher Scientific. TrisHCl, pyruvic acid, HEPES, EDTA, EGTA, and CHAPS were purchased from Sigma-Aldrich. NaCl, mannitol, and sucrose were purchased from Wako Pure Chemical Industries. Spermine and spermidine were purchased from Tokyo Chemical Industry.
Animal studies. As murine models of NAFLD, or HFC diet (prepared by CLEA Japan: high fat diet [101447: Dyets] with 1% cholesterol), as previously described (15), for 4 weeks or 24 weeks. For GTT at 21 weeks of control or HFC diet, the mice were fasted for 16 hours and were then intraperitoneally administered 1.5 g/kg body weight of glucose. For ITT at 22 weeks, the mice were fasted for 4 hours and were then intraperitoneally administered 0.5 U/kg body weight of insulin. For PTT at 23 weeks, the mice were fasted for 16 hours and were then intraperitoneally administered pyruvate (2 g/kg body weight) dissolved in PBS. Blood glucose was measured at 0, 15, 30, 60, and 90 minutes after administration using LabAssay Glucose and other adipogenic genes (12, 34) . Therefore, HSC differentiation, of which PPARγ signaling is the master regulator, is considered analogous to dedifferentiation from adipocytes to preadipocytes (12, 34) . It has in fact been recently reported that when the canonical WNT pathway is activated, methyl-CpG binding protein 2 and H3K27 dimethylation trigger epigenetic repression of PPARγ expression, resulting in HSC activation (16) . As a ligand of the canonical WNT pathway, ACLP reduced PPARγ promoter activity in HSCs via the activation of canonical WNT signaling, thus weakening PPARγ signaling, which in turn resulted in HSC activation. We consider this to be the main pathological mechanism of ACLP in the progression of NASH. NAFLD, regarded as a hepatic manifestation of metabolic syndrome, is often accompanied by obesity and metabolic syndrome as background factors, indicating that these factors are involved in NAFLD. In obesity, there is an increased supply of FFA from adipose tissues and diet to the liver (35) . In fatty liver, a large share of TG is known to originate from serum FFAs (36) . Furthermore, leptin and IL-6 are typical proinflammatory adipocytokines, serum concentrations of which are elevated in obesity (37) . In our investigations of murine models and humans, serum concentrations of obesity-related factors, such as FFA, leptin, and IL-6, increased as NAFLD progressed. Leptin and IL-6 are known to activate STAT3 in HSCs (24, 25) , while FFA is also reported to activate STAT3 signaling (26) . Our in vivo and in vitro analyses of murine models and human samples demonstrated that FFA, leptin, and IL-6, the serum levels of which are elevated in NAFLD, additively enhance ACLP production in HSCs through STAT3 activation.
In the future, further studies demonstrating that ACLP overexpression in HSCs triggers spontaneous HSC activation and liver fibrosis in vivo could prove that ACLP is sufficient for in vivo HSC activation. On the other hand, it has been reported that ACLP secreted by lung fibroblasts was involved in lung fibrosis by promoting the fibroblast-to-myofibroblast transition partly through the activation of TGF-β signaling (38, 39) . Unlike ACLP in the lung, ACLP in the liver is secreted specifically by HSCs and not fibroblasts; this could explain the differences in the mechanisms of action of ACLP in an autocrine manner between that in the liver and that in the lung.
In summary, we demonstrated that ACLP, a glycosylated, secreted protein, which in the liver is specifically expressed by HSCs, is a ligand unrelated to WNT proteins that binds specifically to FZD8 and LRP6 to form a ternary complex and activates the canonical WNT pathway. FFA, leptin, and IL-6, whose serum concentrations increase in association with obesity, a background factor of NAFLD, enhance ACLP production in HSCs. Further, we demonstrated that ACLP attenuates PPARγ signaling via the activation of the canonical WNT pathway in HSCs, thus promoting HSC activation and exacerbating the progression of liver fibrosis in NASH. Enhancement of canonical WNT signaling in the liver in NASH was almost completely localized in HSCs; ACLP, as a WNT ligand, was demonstrated to play a major role in this enhanced activation (Supplemental Figure 28) . These results suggest that the activation of the canonical WNT pathway by ACLP in HSCs is a potential target for the diagnosis and treatment of NASH. Future studies should conduct a detailed examination of the potential clinical applications of ACLP.
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jci.org Volume 128 Number 4 April 2018 a column filled with Anti-FLAG M2 Agarose Affinity Gel (SigmaAldrich). To remove proteins not adsorbed to the gel, the column was washed with TBS, and 0.1 M glycine-HCl solution (pH 3.5) was added to the column to elute the ACLP-DKK protein adsorbed to the gel. The protein concentration of the collected ACLP-DKK protein solution was determined with the BCA method. The purified ACLP-DKK protein was separated with SDS-PAGE and stained with CBB. Bands around 200 kDa containing ACLP were cut out and digested with trypsin. Using the LTQ Orbitrap XL System (Thermo Fisher Scientific), we performed mano-LC-MS/MS analyses to obtain peptide mass and amino acid sequence. A search with Mascot (Matrix Science) was conducted to identify the protein, which was determined to be ACLP. The purity of the ACLP was confirmed to be 95% or greater.
Preparation of recombinant mouse FZD8CRD-IgG, mouse FZD-8CRD-His, and human LRP6N-IgG proteins. Transfection with mouse FZD8CRD-IgG, mouse FZD8CRD-His, or human LRP6N-IgG expression vector in HEK293 cells was carried out using Lipofectamine LTX (Thermo Fisher Scientific) according to the manufacturer's protocol. IgG Purification Kit-G (Dojindo Molecular Technologies) or Histagged Protein Purification Kit (Medical & Biological Laboratories) was used to recover the recombinant protein in the culture supernatant at 72 hours after transfection.
TCF/LEF reporter assay. To assess TCF/LEF transcription activity, we used TOPflash and FOPflash luciferase reporter vectors as described (44) . Transcriptional induction does not occur in FOP (TOP with a mutation in the TCF/LEF-binding site), even if the WNT pathway is activated. Therefore, if reporter expression that occurs in TOP does not occur in FOP, it indicates that what is occurring is not nonspecific transcription induction, but rather canonical WNT pathway signaling.
HEK293 cells were cultured in a 24-well plate, and Lipofectamine LTX was used to transfect LRP6 expression vector (100 ng/well), FZD8 expression vector (100 ng/well), WNT3A expression vector (200 ng/well), ACLP expression vector (200 ng/well), and either TOPflash or FOPflash luciferase reporter vector. After 36 hours of culturing, intracellular expression of luciferase was quantified using the Dual-Luciferase Reporter Assay System (Promega Corp.). Cells were lysed with a passive lysis buffer included with the kit, Luciferase Assay Reagent II was added to the cell lysate, and chemiluminescence was measured with a TD-20/20 Luminometer (Turner Biosystems).
Western blot analysis. Proteins were extracted from liver tissues or cells using T-PER or M-PER (Thermo Fisher Scientific) including protease inhibitor (Roche), respectively. Nuclear proteins were extracted using NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher Scientific). Western blotting was performed as described (15) using Clarity Western ECL Substrate (Bio-Rad) and the ChemiDoc Imaging System (Bio-Rad). Densitometric analysis was performed using ImageQuant TL (GE Healthcare).
Immunoprecipitation. Various combinations of human LRP6N-IgG expression vector (200 ng/well), mouse FZD8CRD-IgG expression vector (200 ng/well), ACLP-DDK expression vector (200 ng/well), and human IgG expression vector were transfected into HEK293 cells cultured in a 6-well plate using Lipofectamine LTX (Thermo Fisher Scientific); cells were recovered 72 hours later. After adding SHE buffer (10 mM HEPES, 210 mM mannitol, 70 mM sucrose, 1 mM EDTA, 1 mM EGTA, 0.15 mM spermine, 0.75 mM spermidine, pH 7.5) to the cells, they were homogenized using a Potter-Elvehjem Tissue Grinder (Wako Pure Chemical Industries) and a microplate reader (Bio-Rad). In an acute administration experiment, 8-week-old male C57BL/6J mice, which had been fasted for 12 hours, were given an intraperitoneal injection of recombinant mouse leptin (5 mg/g body weight) and a tail vein injection of intralipid (120 mg/mouse) or recombinant mouse IL-6 (500 mg/kg body weight).
Mice were maintained under specific pathogen-free conditions at the Center for Laboratory Animal Science, National Defense Medical College.
Human subjects. Liver tissue samples and serum were collected from 44 NASH patients (age, 46.1 ± 2.2 years; 32 men) and 16 NAFL patients (age, 39.2 ± 1.5 years; 15 men) when conducting liver biopsies to definitively diagnose NAFLD. Pathological diagnosis of NASH was based on previous reports (40) (41) (42) . Control liver tissue samples with no steatosis, inflammation, or fibrosis were obtained at hepatectomy from 14 metastatic liver cancer patients (age, 69.1 ± 2.0 years; 9 men). Serum samples were collected from 20 healthy control subjects (age, 41.5 ± 2.4 years; 17 men).
Human HSC isolation and culture. HSCs were isolated from human liver samples by using the protease/collagenase method as previously described (43) . In short, the liver was finely sliced and then stirred for 20 minutes in 100 ml of 0.05% collagenase/0.5% protease (Sigma-Aldrich) solution in HBSS (Wako Pure Chemical Industries). After centrifuging the dispersing solution at 400 g and 4°C for 5 minutes, HBSS was added to the precipitate for resuspension. This process was repeated twice, and the precipitate was suspended in 10 ml HBSS. To perform Nycodenz density gradient centrifugation, the cell suspension was layered over 9.0% Nycodenz solution and centrifuged at 2,800 g and 4°C for 20 minutes. Following centrifugation, the intermediate layer over the 9.0% Nycodenz solution was collected in DMEM as the HSC fraction and cultured. The present study used only primary cultured HSCs.
Murine HSC isolation and culture. Primary cultured HSCs were isolated from mice and cultured as previously described (15) . siRNA was transfected using Lipofectamine RNAiMAX Transfection Reagent (Thermo Fisher Scientific) as previously described (15) .
Liver histology and immunohistochemistry. H&E staining and Masson's trichrome (MT) staining were carried out on paraffin-embedded liver sections. For immunohistochemistry, antigens were activated by autoclaving and blocked using Block Ace (Megmilk Snow Brand Co.) followed by primary antibody reaction at room temperature for 4 hours. After washing with PBS, the sections were incubated with Alexa Fluor 488-or Alexa Fluor 647-labeled secondary antibodies (Abcam) at room temperature for 2 hours. Tissue samples were observed under a BX53 microscope (Olympus) and an LSM 710 confocal laser scanning microscope (Carl Zeiss). Double-positive cells were counted in more than 10 high-power fields (magnification, ×200). The images were analyzed using ZEN (Carl Zeiss) and ImageJ (NIH).
Preparation and purification of rACLP. Murine rACLP protein was prepared using the Expi293 Expression System (Thermo Fisher Scientific). In short, ExpiFectamine 293 reagent and ACLP-DDK expression vector were used to overexpress ACLP-DDK in Expi293 cells, and the culture medium at 72 hours after transfection was centrifuged at 1,000 g and 4°C for 5 minutes to collect the supernatant, which was concentrated to 100 μl using Amicon Ultra-15 Centrifugal Filter Units (100 kDa) (Merck Millipore). The concentrated solution was substituted with TBS (50 mM Tris HCl, 150 mM NaCl, pH 7.4), and the volume was adjusted to 10 ml. The sample was loaded into 1 5 9 5 jci.org Volume 128 Number 4 April 2018
Research Council criteria outlined in the Guide for the Care and Use of Laboratory Animals (National Academies Press, 2011).The present human study was conducted with approval from the institutional review boards of the National Defense Medical College and Keio University School of Medicine. All patients who participated in the present study provided written informed consent prior to the study.
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